Spinal muscular atrophy (SMA) has long been solely considered a neurodegenerative disorder. However, recent work has highlighted defects in many other cell types that could contribute to disease aetiology. Interestingly, the immune system has never been extensively studied in SMA. Defects in lymphoid organs could exacerbate disease progression by neuroinflammation or immunodeficiency. Smn depletion led to severe alterations in the thymus and spleen of two different mouse models of SMA. The spleen from Smn depleted mice was dramatically smaller at a very young age and its histological architecture was marked by mislocalization of immune cells in the Smn 2B/-model mice. In comparison, the thymus was relatively spared in gross morphology but showed many histological alterations including cortex thinning in both mouse models at symptomatic ages. Thymocyte development was also impaired as evidenced by abnormal population frequencies in the Smn 2B/-thymus. Cytokine profiling revealed major changes in different tissues of both mouse models. Consistent with our observations, we found that survival motor neuron (Smn) protein levels were relatively high in lymphoid organs compared to skeletal muscle and spinal cord during postnatal development in wild type mice. Genetic introduction of one copy of the human SMN2 transgene was enough to rescue splenic and thymic defects in Smn 2B/-mice. Thus, Smn is required for the normal development of lymphoid organs, and altered immune function may contribute to SMA disease pathogenesis.
Introduction
Spinal muscular atrophy (SMA) is an inherited fatal neurological disease characterized by alpha motor neuron loss and neurogenic atrophy. The disease-causing gene is Survival Motor Neuron 1 (SMN1), which codes for a ubiquitously expressed protein (1) (2) (3) . After close to 20 years of innovative research, a cure or treatment is still is not available to patients. In fact, although motor neurons are primary targets in SMA, the specific aetiology of disease pathogenesis remains uncertain. It is still unknown why motor neurons are particularly susceptible to depletion of the ubiquitously expressed SMN protein in comparison to other organs or cell types. As a result, the SMA field continues to debate whether or not SMA should be considered a motor neuron disease or a multi-organ disease (4) (5) (6) .
Consequently, pre-clinical therapeutic endeavours aim at increasing levels of SMN through various approaches -either solely in the nervous system or systemically. Importantly, systemic delivery of antisense oligonucleotides (ASOs) to increase SMN levels results in a better outcome than administration solely in the central nervous system (7) . Moreover, delivery of ASOs only in the periphery was sufficient to increase lifespan and improved motor functions in a mouse model of SMA (8) . Such evidence highlights the importance of other cell types in SMA pathogenesis. This is consistent with studies showing that other cell types are also affected in SMA, albeit to a lesser extent than the motor neurons. Examples include cell types that have a close relationship with motor neurons, such as skeletal muscles and astrocytes, to cell types that are completely unrelated, such as the gastrointestinal system, heart, pancreas and liver (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) . Astrocytes of SmnD7 (Smn
;Smn D7/D7 ) model mice and SMA human iPSC-derived astrocytes show many signs of activation, with the latter also showing impaired calcium handling (9) . Moreover, the restoration of SMN uniquely in these cells significantly increases lifespan, weight, and motor functions in two mouse models of SMA (10) . Similarly, several studies have shown intrinsic defects in skeletal muscles. SMA model mice have a delay in muscle growth highlighted by dysregulation of important myogenic transcription factors (13, 16) . Consequently, differentiation and fusion of myoblasts is impaired (11) (12) (13) 16) . Likewise, the hearts of SMA model mice display changes in functions on multiple levels. They are bradycardic, smaller and have a decreased ejection fraction indicative of possible cardiac insufficiency (17) (18) (19) (20) . Recently, elevation of the E3 ligase atrogin-1 and autophagy markers have been reported in the hearts of severe Smn -/-;SMN2
(Smn -/-;SMN2 þ/þ ) mice at symptomatic age, revealing potential intrinsic molecular underpinnings of these defects (15) . Clinically, some patients with the more severe presentation of SMA also have co-existing heart conditions (26,27). Metabolically, both patients and mouse models have abnormal lipid and glucose profiles compared to controls (21, 22, 28, 29) . Therefore, collectively it seems likely that SMA is the cumulative result of defects in multiple cell types.
The immune system has not been studied in the context of SMA. Yet, it is possible that immune dysregulation could make SMA patients more prone to infection or exacerbate their current disease state. The immune system is divided into two major branches, the innate and adaptive responses, which are each controlled by different populations of immune cells (30, 31) . The adaptive (or acquired) immune response is mediated mainly by lymphocytes such as T-cells and B-cells (30, 31) . These cells develop in primary lymphoid organs, such as the bone marrow and the thymus. Unlike the B-cells, which exclusively develop in the bone marrow, the thymus is essential in T-cell development and maturation (30, 31) . Fully mature B-cells and T-cells will migrate in the periphery and most will reside in secondary lymphoid organs such as the lymph nodes and the spleen (30, 31) . The spleen is involved in a wider array of processes including blood filtration, hematopoiesis, iron metabolism and fighting infection, especially of encapsulated bacteria (32, 33) . In the context of SMA, there has been one brief report indicating smaller thymus and spleen in the Smn -/-;SMN2 severe mouse model, likely due to increased apoptosis (34) .
Here, we have characterized the gross morphology and basic tissue architecture of the spleen and thymus in both Smn -/-;SMN2 and Smn 2B/-model mice. We further examined lymphocyte development in the thymus. Finally, we performed cytokine profiling in these organs and in the serum to understand any functional impairment. Altogether, we report important changes in both the spleen and thymus of two SMA model mice, which appear to initiate in secondary lymphoid organs. Overall, our work demonstrates that immune dysregulation is likely contributing to the overall clinical picture of SMA.
Results
The spleen is decreased in size in two mouse models of SMA Fig. 1 ). Therefore, the data were normalized to mouse length and weight, and included both genders. The spleen gross morphology in Smn 2B/-mice was compared to control littermates at various ages to better appreciate the progression of events. At postnatal day 0 (P0), changes to the size of spleens of Smn 2B/-mice were not observed ( Fig. 1A-C ). Significant reductions were observed in both spleen weight/ body weight and spleen length/total body length ratios at P19 Fig. 1G-I ), and P4 ( Fig. 1D-F ) in the Smn 2B/-mice, albeit of diminishing severity at younger ages.
Overall, the progression of changes in spleen size followed an inverse function with time ( Fig. 1P) ;SMN2 mice at P5 revealed a clear difference in both weight and length of the spleen compared to wild type and heterozygous mice (Fig. 2G-I ), similar to previous reports (34) . In addition, significant changes in both weight and length of the spleen were observed at P2 (Fig. 2D-F) . Changes in spleen size were not observed at birth (P0) ( Fig. 2A-C) . Overall, the changes in size of Smn -/-;SMN2 spleens become progressively worse over time (Fig. 2J) . Altogether, the spleens of SMA model mice are significantly smaller than those from control mice, and this defect is present before any overt motor neuron pathology (35, 36) .
Architectural disorganization in the spleen is more prominent in the less severe Smn 2B/-mice than in the severe Smn -/-
;SMN2 mice
The spleen histology is highly sophisticated with different regions harbouring different functions. The red pulp is a region where incoming blood from arteries is filtered (32) . The white experiment is as written in the graph bars, one-way ANOVA with bonferroni post-test. P 0.05 for *, P 0.01 for **, P 0.001 for *** and P 0.0001 for ****).
pulp contains mostly lymphoid cells such as B-cells and T-cells, which are segregated into two compartments of their own (32) . The T-cells are present around the arteriole (often denoted as the periarteriolar lymphoid sheath -PALS) while the B-cells are distributed in follicles within the PALS (32) . The red pulp and white pulp are separated by a marginal zone composed mainly of macrophages and marginal zone B-cells (32) . Macrophages can also be found diffusely in the red pulp where they play an important role in iron metabolism (32) . Hematoxylin and eosin (H&E) staining was performed on spleen sections at P0, P4, P9, P14 and P19 for the Smn 2B/-mice and at P2 and P5 for the Smn -/-;SMN2 mice (Fig. 3) . The architecture of the spleen from Smn 2B/-mice was clearly disrupted with effacement of the clear margin of the white pulp at P19 in comparison to wild type mice ( Fig. 3I and J) . Additionally, all Smn 2B/-spleens analysed appeared hyperchromatic with accumulation of fibrotic-like tissue and smooth muscle cells (Fig. 3J) . This is possibly due to necrosis or apoptosis, which could explain their small size. Indeed, spleen stained for smooth muscle actin revealed altered localization with increased clumping of smooth muscle cells in contrast to wild type spleens at P19 (Supplementary Material, Fig. S3 ). When analysing earlier time points, namely P14, P9 and P4 (Fig. 3C-H) , a similar characteristic loss of white pulp borders was observed. We primarily observed red pulp and no white pulp at P0 for both wild type and Smn 2B/-mice ( Fig. 3A and B) , consistent with previous studies (37) . Remarkably, the Smn -/-;SMN2 model mice did not have a disruption of the red and white pulp architecture at P2 or at P5 (Fig. 3M and N).
Immune cells in the spleen are mislocalized in the Smn 2B/-mice but not in the severe Smn -/-;SMN2 mice
To better characterize the changes in architecture in the spleens of Smn 2B/-and Smn -/-;SMN2 mice, immunohistochemistry was performed to label T-cells, B-cells, and macrophages (Fig. 4) (Fig. 4C ',G' and D',H', respectively). However, some unclear oval-shaped regions with decreased density of CD19 staining were present in Smn 2B/-mice (Fig. 4G' ).
These might be attributed to the accumulation of smooth muscle identified on H&E staining and immunostaining since similar low density areas were observed in CD3 stained spleens (Fig. 4F') . Strikingly, the immunostaining assessment in the spleens from Smn -/-;SMN2 mice revealed that the structures were largely unaffected, similar to the results obtained from the H&E staining ( Fig. 4I -P and I'-P'). The difference between the two SMA mouse models at symptomatic ages is quite interesting. Such differences between models have previously been reported in other contexts in SMA and it is possible that such changes require time and/or other factors to present themselves (13, 15) . Altogether, these results suggest a defective segregation of the white and red pulp in Smn 2B/-spleens.
Remarkably, the localization of these various immune cells confirms that the white pulp may be absent in the spleens of Smn 2B/-mice, which could impair fundamental splenic functions. However, the progression of events leading to what appears to be a loss of white pulp formation remains to be determined.
The thymus is decreased in size in symptomatic Smn 2B/-mice but not in Smn -/-;SMN2 mice
Our comparison of the various organs showed a trend towards a decrease in the ratio of the thymus weight over mouse weight in Smn 2B/-mice at P19 (Supplementary Material, Fig. 4 ). An examination of the thymus at P4 and P19 showed that it was significantly smaller at P19 but not at P4 in Smn 2B/-mice compared to Smn 2B/þ and wild type controls ( Fig. 5A-D) . We next compared these gross morphological changes in the spleen and thymus to other organs such as the liver and kidneys of some of the same animals. We did not observe similar decreases in relative size at P4 or P19 for liver and kidney (Supplementary Material, Fig. 4A and B), suggesting that the reduction in size is specific to lymphoid organs. Previous findings had indicated that Smn -/-;SMN2 mice had smaller thymus at P5 (34).
Interestingly, we did not observe a decrease in thymus size in the Smn -/-;SMN2 mice at any stage ( occurs (38) . At P19, striking abnormalities in sections of thymus from Smn 2B/-mice were apparent. There was a clear reduction in cellularity and cortex thinning compared to wild type controls ( Fig. 6G-L ). An increase in the number of apoptotic bodies and tingible body macrophages was evident by the classical 'starrysky' appearance in the majority of the animals analysed ( Fig. 6H and K) (39) . The comparison of cross-sectional area of the lobe of the thymus confirmed the decreased size observed in morphological assessments (Fig. 6I ). We next assessed whether such changes were also present in the thymus at P4, a time when we first observed spleen abnormalities. Interestingly, no significant changes were present at this age ( Fig. 6A-F) .
We next performed the same analysis on the thymus from the Smn 
T-cell development is misregulated only in symptomatic Smn
2B/-mice
The spleen gross morphological changes in the SMA model mice may be a consequence of abnormal immune cell development given that both Smn 2B/-and Smn -/-;SMN2 mouse models show thymic architectural abnormalities. Specifically, the progenitor cell may not get into the thymus as efficiently or get stalled in the thymus at any point in development, which would lead to fewer cells migrating to the spleen and therefore partly explaining its small size. We therefore decided to perform a systematic assessment of T-cell development in Smn 2B/-mice. Tcell development is a complex multi-step process in which cells are passaged through different organs before becoming fully functional. First, hematopoietic cells migrate from the bone marrow to the thymus, where they commit to the T-cell lineage -ve ) (38, 40) . They will then progress to CD4 þ ; CD8 þ cells (DP, brightearly stage, and dull -late stage) which are marked by reorganization of the a chain (38) . The ab TCR on the DP cells will be challenged for recognition to ensure that autoimmunity doesn't occur (a process known as central tolerance). T-cells that do not recognize self-antigen generally go through a mechanism known as 'neglect' while T-cells that bind strongly to selfantigen will go through negative selection (apoptosis) or anergy where they become regulatory T-cells (38, 41) . Therefore, only T-cells that have a receptor that have intermediate specificity to self-antigen will positively be selected (events described by coexpression of either CD5 and TCRb or CD69 and TCRb) and will be allowed to mature further (38) . At this point, they will transiently go through CD4 þ ;CD8 lo stage before becoming either CD8 SP or CD4 SP mature cells and migrate to the periphery and lymphoid organs, such as the spleen (38) .
Flow cytometry analysis of the P19 Smn 2B/-thymocytes reveals major abnormalities at multiple levels of development. There was a significantly larger proportion of DN, CD4 þ ;CD8 lo , mature CD8 SP, and CD4 SP cells, and a diminished proportion of DP cells in Smn 2B/-mice compared to Smn 2B/þ mice ( Fig. 7A-C ).
This means that more cells enter the thymus and more cells go through the maturation process or that T-cells get stalled in the DN stage and mature state of development. All the population subset frequencies in the Smn 2B/þ thymus were within normal ranges for normal rodents, except for the DN population, which was slightly lower (42) . Examination of the various sub-stages in the DN population showed a significant increase in the proportion of DN3 with an approximately equal decrease in the DN4 sub-population ( Fig. 7D-F positively selected and being more mature (Fig. 8A-C) . The analysis of sub-populations of cells going through these events was mostly unremarkable, except for an increase in the proportion of DN cells appearing as mature TCRb hi ;CD69 -ve cells (Fig. 8D-O) .
Alternately, analysis of positive selection through CD5 and TCRb surface marker expression yielded similar results (Supplementary Material, Fig. S7 ). These results point towards a precocious positive cell selection, potentially to increase mature naïve T-cell production. We next examined whether these changes occurred at an earlier time point. Surprisingly, flow cytometry analysis of P9 Smn 2B/-thymocytes revealed no significant abnormalities in the proportion of sub-populations compared to Smn 2B/þ thymocytes ( Fig. 7G-L) . Similarly, very few changes were observed in the positive selection process analysed by TCRb with either CD69 or CD5 (Supplementary Materials, Figs S8 and S9) Therefore, it appears that the changes in the thymocyte cell populations in P19 Smn 2B/-mice are either independent to the spleen defects or a consequence in response to abnormalities in the periphery such as in the spleen. We attempted to perform a similar flow cytometry analysis to characterize immune sub-populations in spleens from P19 and P9 Smn 2B/-mice but were unsuccessful in retrieving enough cells due to their small size.
Cytokine profiles are altered in lymphoid organs of SMA model mice
To better understand the functional impairments and/or the aetiology of the defects observed in the lymphoid organs, a thorough cytokine screen in the thymus and spleen at P4 and P19, and in the serum at P19 was performed (Fig. 9) . It is important to note that naïve cytokine levels are often very low, if even measurable. To our surprise, many changes were readily detected in every organ and time point analysed. The greatest changes were observed in P19 thymus from Smn 2B/-mice, with almost a global increase of many of the cytokines screened (Fig.  9D ). Interestingly, a very similar heat map profile was apparent in P4 thymus (Fig. 9C) . Given the reduction in spleen size, we expected an inflammatory profile, indicative of cell death. However, none of the inflammatory cytokines (such as IL-1b, IL-6, and TNF-a) were significantly changed in both P4 and P19 Smn 2B/-spleens ( Fig. 9A and B) . On the other hand, the thymus of P19 Smn 2B/-mice showed significant induction of many inflammatory cytokines such as IL-1b, IL-6 and TNF-a (Fig. 9D) . We also noticed that some cytokines appeared misregulated in more than one organ. Notably, eotaxin, IL-3, IL-6, IP-10, LIF, MIG were misregulated in spleen and thymus (Fig. 9A-D) . Similar analysis of Smn 2B/-P19 lymph nodes revealed that LIF levels ;SMN2 mice were also subjected to cytokine profiling (Supplementary Material, Fig.  S10C and D) . Strikingly, eotaxin, IP-10 and MIG were misregulated in P5 Smn -/-;SMN2 spleens while IP-10, LIF, and MIG were significantly changed in the thymus (Supplementary Material, Fig. S10C and D) . These changes, however, were not always in the same direction, once again highlighting the molecular complexities between different severities of disease. The P5 Smn -/-;SMN2 thymus and spleen also display common cytokine changes not displayed in the Smn 2B/-model mice. More particularly, VEGF was increased compared to wild type in both spleen and thymus while IL-9 showed changes in the opposite direction (Supplementary Material, Fig. S10 ). Altogether, the extent of changes observed highlight the intense pathology in the lymphoid organs and the potential consequence it may have in overall immune function.
SMN expression in lymphoid organs
Smn expression in the lymphoid tissues of wild type mice was compared to other commonly affected tissues in SMA such as skeletal muscle and spinal cord. When compared to skeletal muscle, both thymus and spleen had strikingly higher Smn protein levels at P19 (Fig. 10A and B) . Interestingly, Smn protein levels in the lymphoid tissues were even higher than in the spinal cord ( Fig. 10A and B) . It is recognized that Smn levels are generally high embryonically and decrease gradually after birth in most tissues studied (44) . Smn protein levels in wild type spleens were fairly similar from P0 to P14 with an increase P14 to P19 (Fig. 10C) . Moreover, Smn levels closely followed the expression pattern of CD3 and CD19, which are T-cell and B-cell markers respectively. In the thymus, Smn protein levels were sustained from P0 to P19 (Fig. 10D ). As expected, we observed significantly reduced levels of Smn protein in both Smn 2B/-spleen and thymus in comparison to wild type (Fig. 10E ).
Genetic introduction of one copy of SMN2 rescues lymphoid organ defects in Smn 2B/-mice
To determine whether lymphoid organ defects were directly caused by low levels of Smn protein, we crossed the Smn 2B/2B mouse to a Smn þ/-;SMN2 þ/þ mouse. The progeny from this cross would contain Smn 2B/-;SMN2 mice, allowing for a slight increase in SMN protein from the newly introduced human SMN2 transgene. Surprisingly, we observed a complete rescue in the size of the spleen and the thymus on gross morphology assessment at P19 (Fig. 11A,D,G) . In addition, the structure of the spleen was comparable to wild type mice on histology at this age, with multiple white pulp areas readily evident ( Fig. 11B and C) . H&E analysis of the thymus similarly showed no differences in the rescued mice when compared to wild type ( Fig. 11E and F) . Western blot analysis showed a modest increase in Smn protein levels in Smn 2B/-;SMN2 mice compared to Smn 2B/-mice (Fig. 11H ).
Discussion
The immune system has not been extensively studied in SMA, but defects in such cells could lead to immune deficiencies or enhance neuroinflammation. Neuroinflammation is a well-established contributor in neurodegenerative disorders (45) . Peripheral immune alterations have surfaced in the amyotrophic lateral sclerosis (ALS) field. Interestingly, G93A SOD1 ALS mouse models showed reduced spleen size, architectural defects, and increase cell death of the splenic T-cells and B-cells (46) . Moreover, healthy immune cell transplantation lead to better motor performance and survival (46) . A new potential model for ALS, the C9orf72 knockout mouse, presented with splenomegaly and enlarged lymph nodes, marked by malfunctioning macrophages and microglia as early pathologic features (47) . Subsequently, neuroinflammation appeared with age and molecularly resemble, at the transcriptome level, that of C9-ALS human patients (47) . Interestingly, T-cells appear to be an important player in the neuroprotection conferred by glial cells in ALS (48, 49) . It is possible that the pre-symptomatic defects we observed in the spleen are caused by immune cell-autonomous defects. Thus, dysfunctional T-cells and potentially other cell types may limit the full neuroprotective potential of the glial system in the context of SMA. In a similar manner, the spleen size observed is likely to evoke an immune cell redistribution to the circulating system, which may have peripheral consequences.
Even though the thymus was relatively spared as evidenced from the morphological assessment, its architecture was abnormal in both mouse models of SMA, albeit to different degrees of severity. Interestingly, the thymus had the highest Smn protein expression compared to spleen, spinal cord and skeletal muscle, and this expression was relatively sustained over time. Moreover, the thymus from Smn 2B/-mice showed severe corticomedullary thinning in comparison to those from the Smn -/-;SMN2 mice. Interestingly, an increased proportion of apoptotic bodies and tingible body macrophages were also present in both mouse models of SMA, suggestive of active apoptotic or necrotic processes (39) . This appears to be in accordance with a previous report showing increased cell death in Smn -/-;SMN2 thymocytes (34) . In addition, we found the increased proportion of mature SP thymocytes (residents of the medulla) and decreased the proportion of DP thymocytes (residents of the cortex) on flow cytometry analysis, which nicely fits with the cortico-medullary thinning. Studies have shown that administration of glucocorticoids leads to similar changes in population proportions (50, 51) . Additionally, increased glucocorticoid levels could also be responsible for the increase in apoptotic bodies we observed in the cortex, more specifically in the DP population (39, 52) . In addition to changes in population proportions, a higher proportion of Smn 2B/-thymocytes were precociously going through the positive selection process. It is possible that this is in response to a loss of peripheral T-cell homeostasis. T-cells could be going through precocious apoptosis in secondary lymphoid organs. Related to this, we have observed hyperchromaticity in P19 Smn 2B/-spleens, which is generally a sign of apoptotic processes. The triggering event that causes the spleen to become small and display an abnormal architecture remains to be determined. We hypothesized that the T-cells may be stalled in the thymus, consequently not migrating to the spleen. Our analysis of thymic histological changes and T-cell development revealed that these changes occur later (P19) than any defects in the spleen (P4). Autonomic dysfunction has been reported in SMA (17) (18) (19) (20) (53) (54) (55) . Importantly, spleen and thymus architecture may also be dependent on neuronal signals (56, 57) . Autonomic dysfunction or denervation could be a potential cause for abnormal compartmentalization within the spleen in SMA. Chemokines have also been shown to be important for recent emigrant thymocytes to travel to secondary lymphoid organs (a process known as homing) (32, 58) . For example, manipulating lymphotoxin a/b, CCL19 and CCL21 or their receptors lead to splenic architectural disruption (59) (60) (61) (62) (63) (64) (65) . Altogether, examining the interaction between the primary and secondary lymphoid organs by studying the immune system as a whole will be crucial to understanding and correctly interpreting the abnormalities observed.
The architecture of the spleen is complex and highly organized to ensure efficiency of its multiple functions. The spleen can exert both innate and adaptive immune response in the presence of an unknown pathogen, especially if present in the blood (32) . This is facilitated by the fact that most of the blood travels in the marginal zone, where different populations of macrophages, dendritic cells and B-cells reside (32) . These macrophages are particularly important in the clearance of pathogens like Mycobacterium tuberculosis, Streptococcus pneumoniae, Escherichia coli, Staphylococcus aureus, and Neisseria meningitidis through the innate arm of the immune system (32, (66) (67) (68) (69) . On the other hand, the marginal zone B-cells can readily become antibody-producing cells if they come across a foreign antigen and migrate in the red pulp for fast antibody delivery into the bloodstream (32) . They can also become antigen presenting cells (APCs) and migrate to the white pulp where they activate a Tcell dependent response as part of the adaptive immune system (32) . A disruption of the splenic architecture as observed in the test for B and two-tailed Student's t test for E, P 0.05 for *, P 0.01 for **, and P 0.001 for ***).
Smn 2B/-mice is likely to impair some, if not many, of the processes described above. The loss of proper white pulp formation could have several possible consequences. For example, it is unknown whether the marginal zone is still present around the 'absent' white pulp. Interestingly, we noticed that the residents of this zone, namely the B-cells and macrophages, showed diffuse localization throughout the spleen. The T-cells were also found diffusely distributed across the whole spleen. The red pulp, an area where T-cells are generally not found, could be absent. The red pulp is responsible for clearance of old erythrocytes and for iron homeostasis (32) . This could lead to haematological abnormalities. Future research is needed to better understand the defective architecture of the spleen and the specific functional impairments of Smn spleens is rather intriguing. Smooth muscle cells are normally found around arteries and within organs. It is possible that abnormal blood vessel morphogenesis leads to less extensive artery and capillary network, and consequently results in a higher probability of splenic infarct in the Smn 2B/-mice. It is now evident that distal necrosis is a prominent feature of mouse models of SMA, especially when therapeutics allow for lifespan extension (8, (70) (71) (72) . Some SMA patients also display similar features (54, 55) . Moreover, blood vessel abnormalities have been shown in skeletal muscles, hearts and the spinal cord (20, 73, 74) . Since the spleen is engorged with red blood cells, it is possible that a lower perfusion efficiency could explain the decreased spleen size, architectural abnormalities and the trend of higher incidence of splenic infarct. The cytokine profiling revealed global immune dysregulation, which could have severe functional consequences. Surprisingly, despite the phenotype observed, the spleen of the Smn 2B/-model mice did not show a very strong inflammatory profile as assessed by expression of inflammatory cytokines such as IL-1b, IL-6, and TNF-a (75). In marked contrast, the thymus showed marked inflammatory cytokine expression and a decrease in the anti-inflammatory cytokine IL-10. Interestingly, some of these changes were present in Smn 2B/-P4 thymus. LIF, a cytokine in the IL-6 family, which is considered an inflammatory cytokine (75) , is misregulated in multiple organs and time points. Even though very few histological changes were observed in the P5 Smn À 1-;SMN2 spleen, changes in G-CSF, GM-CSF seem to point towards increased hematopoiesis. This clear disruption in cytokine homeostasis accentuates the potential role of immune dysfunction in SMA pathogenesis. Altogether, we presented an array of abnormalities in various lymphoid organs in mouse models of SMA. Whether these alterations directly increase neuroinflammation or result in immune deficiencies, remains to be determined. Future research will focus on narrowing potential aetiologies of such defects and investigating functional impairments of defective lymphoid organs in the SMA context.
Materials and Methods

Mouse models
The 
Gross morphology
A 0.75X picture of the spleens and tibia were taken with a Leica M80 dissection microscope mounted with a camera (Leica IC80 HD). The lengths of the spleen were measured using ImageJ. The mouse measurements for normalization were done prior to dissection using a ruler for the length of the mouse and a scale for its weight. Tissues were then fixed in 10% formalin for 24-48 h and transferred to 70% ethanol for long-term storage.
Tissue processing and H&E staining
Spleens, thymus and lymph nodes were fixed in formalin (1:10 dilution buffered, from Protocol, cat #245-684) for 24-48 h at 4 C and then transferred in 70% ethanol at 4 C until processing.
All samples were processed at the University of Ottawa (Department of Pathology and Laboratory Medicine) and embedded in wax using a LOGOS microwave hybrid tissue processor. Paraffin block tissues were cut with a microtome at 3-4 mm of thickness and stained for H&E using a Leica autostainer XL Leica CV5030. Stained H&E samples were scanned with a MIRAX MIDI digital slide scanner (Zeiss). Images were acquired using 3DHISTECH Panoramic Viewer 1.15.4 at different magnifications. Quantification of the thymus area and the corticomedullary area ratio was performed by assessing area of 3 serially cut sections (slide 5, 10 and 15 or 17) using ImageJ. One or both lobes per slide were quantified depending whether both lobes were present on the slide.
Immunohistochemical staining
Tissues were processed, embedded and sectioned as described above. Slides were deparaffinized in 3 changes of xylene substitute HEMO-DE (Electron Microscopy Science, 23412-01) (or toluene) for 5 min each followed by 2 changes into a 50/50 mixture of absolute ethanol and HEMO-DE (or toluene) for 5 min each. Slides were gradually rehydrated in 100%-95%-70%-50%-0% ethanol. A heat-induced antigen retrieval step was performed when needed using Tris/EDTA buffer (10 mM Tris, 1 mM EDTA, 0.05% Tween 20, pH 9.0) or sodium citrate pH 6.0. Sections were permeabilized with 0.1% Triton-X (Sigma) and then blocked for 
Immunoblotting
The total protein lysate was collected by homogenization of flash frozen spleen, thymus, lymph nodes, skeletal muscle, or spinal cord in RIPA lysis buffer (Cell Signalling). Protein concentrations were determined using the Bradford assay (Bio-Rad). Protein extracts were subjected to sodium dodecyl sulphate polyacrylamide gel electrophoresis and examined by immunoblot, as previously described (76) 
RNA isolation and reverse transcription-quantitative polymerase chain reaction (RT-QPCR)
Total RNA was extracted from mouse models of SMA and wild type controls using RNeasy kit (Qiagen) according to the manufacturer's protocol. RNA concentrations were determined using a Nanophotometer spectrophotometer (MBI Lab Equipment). RNA was reversed transcribed using the quantitect reversetranscription kit (Qiagen) according to the manufacturer's protocol. QPCR was performed in triplicate. A complete list of primers are available in the Supplementary Material (Supplementary Material, Table S1 ). A standard curve was performed for each primer set to ensure their efficiency. Each QPCR reaction contained equal amount of cDNA, Ssofast Evagreen Supermix (Biorad), RNase/DNase-free water and appropriate primers (100-200 nM) in a final volume of 25 ll. Two negative controls were included in every QPCR plate and consisted of water in lieu of cDNA. QPCR results were analysed using Biorad CFX manager 3.1. Results were normalized to two or three internal controls that were determined to have stable expression according to their M-value (below 0.5) and their coefficient variance (below 0.25). The internal controls for each experiment are as follows: P2 thymus (Cyclophilin A and PBGD), P5 thymus (PBGD and SDHA), P4 thymus (PolJ, Hprt1, PBGD), and P19 thymus (Ubiquitin C and Ywhaz).
Cell extraction and flow cytometry
Thymus were dissected from mice and put directly in R10 (89.4% 1X RPMI media 1640 (Gibco, 11875-168), 10% fetal bovine serum (Life Science Seradigm, 97068-085), 0.5% gentamycin (Gibco, 15710-072), 0.1% 2-mercaptoethanol (Gibco, 21985-023)) until further processing. Once all samples were collected, tissues were squashed between two frosted slides to obtain a single cell suspension. The single cell suspension was then passed through a 100 mm and a 70 mm strainer to ensure the remaining tissue aggregates were left behind and spun at 500 g for 5 min. The cells were further resuspended in 1X BD Pharm Lyse (BD Biosciences, 555899) for 5 min and then washed twice with PBS. Cells were counted and an equal number of cells was placed in each tube for flow cytometry analysis. Samples were first stained with fixable viability stain 510 (BD Biosciences, 564406) according to the manufacturer's protocol. Cells were resuspended in staining buffer (1% bovine serum albumin) and incubated with FcBlock (BD Pharmingen, 553142) for 10 min at 4 C.
The following antibodies (BD Biosciences) CD69 (740664 -1:400), CD44 (563058 -1:400), CD5 (562739 -1:100), CD45/B220 (561101 -1:100), CD4 (561835 -1:400), TCRb (560729 -1:400), CD25 (562695 -1:400), and CD8a (561095 -1:100) were added to the suspension and incubated for 30 min in the dark at 4 C. The samples were then washed with staining buffer. Cells were resuspended in 1:1 staining buffer and IC fixation buffer (eBioscience, 00-8222-49). Samples were acquired by the flow cytometry core (BD LSR Fortessa flow cytometer) of the University of Ottawa within 2 days of being stained. Single stain controls were performed with OneComp ebeads (eBioscience, 01-1111-42) as per the manufacturer's protocol and were then used to set the flow cytometer parameter. Fluorescence-minus-one were also performed in parallel and acquired in similar fashion as the samples to ensure correct identification of populations. P19 thymus acquisition was stopped once 10,000 events were acquired in the DN gate while P9 thymus acquisition was stopped once 3,000 events were acquired in the DN gate to ensure enough events for proper quantification.
Cytokine profiling
Mouse blood was obtained by cardiac puncture from wild type and Smn 2B/-mice at P19. Blood was left at room temperature for 1-2 hours before centrifugation at 10,000 g for 10 min at 4 C to obtain serum (as per Eve Technologies' instructions). Serum was diluted in a 1:1 ratio with PBS for analysis. Spleens, thymus, and lymph nodes were collected and protein was extracted as described above. All protein lysates were diluted at a concentration of 1 mg/mL in a total of 80 mL for duplicate analysis. Serum and protein lysates were shipped to Eve Technologies for cytokine profiling. We quantified 32 cytokine/chemokine/growth factor biomarkers simultaneously by using a Discovery AssayV Analytes that were undetectable were defined as 0 pg/mL and labelled as a black box. Extrapolated results were included in the analysis. When analytes were undetectable in all or most animals from both control and SMA mice, analysis were not performed and also represented as a black box in the heat maps ( Fig. 9 and Supplementary Material, Fig. S10 ).
Statistics
Data are presented as the mean 6 standard error of the mean. A two-tailed Student's t test was performed using Microsoft Excel or Graphpad Prism 7 to compare the means of data when only two groups were compared (i.e. wild type vs. Smn 2B/-). Splenic infarct relative risk was assessed by a Fischer's exact test and confidence interval calculated by Koopman asymptotic score. One-way ANOVA analysis was used to distinguish differences between more than two groups when multiple comparisons were necessary (i.e. wild type vs. Smn 2B/þ vs. Smn 2B/-) . The posttest used for the ANOVA was Bonferroni. Significance was set at P 0.05 for *, P 0.01 for **, P 0.001 for *** and P 0.0001 for ****.
Study approval
This study was approved by the Animal Care and Veterinary Services (ACVS) of the University of Ottawa as specified by protocol #OHRI-1927 and #OHRI-1948.
Supplementary Material
Supplementary Material is available at HMG online.
